Abstract Two duobinary 10Gbit/s data streams and a QPSK modulator allow to generate 20Gbit/s quaternary intensity modulation having ~6GHz bandwidth. Sensitivity, CD, respectively. 
Introduction
Upgrading of existing DWDM systems to higher bit rates requires a high spectral efficiency [1, 2] . Duobinary modulation is important in this context because it is not only spectrally efficient (~0.8 bit/s/Hz) but also simple to implement. So far, (D)QPSK and/or polarization multiplex are needed to increase spectral efficiency beyond that of duobinary modulation, but considerable technical effort at the receive end is needed for their implementation (interferometer and its stabilization, polarization control), which reverberates in the cost budget. On the other hand, quaternary intensity modulation (4-IM) [3] is easy to detect but its spectral efficiency does not surpass that of duobinary modulation. However, the general class of quadrature amplitude modulation (QAM) [4] can also be used to increase spectral efficiency. Here, we report for the first time on 2x10Gbit/s optical 9-QAM signal generation, which is detected as a 4-IM signal and generated using two duobinary signals.
Operation principle
The optical QPSK modulator shown in Fig. 1 contains two Mach-Zehnder modulators (MZMs), placed in the two arms of another interferometer that forms a Mach-Zehnder superstructure. The superstructure has quadrature control electrodes in both arms for an active phase control. We are using a fiber-pigtailed Bookham GaAs/AlGaAs DQPSK modulator [5] . The generated 9-QAM constellation represents a 4-IM but the spectrum is just as broad as for duobinary modulation although capacity is doubled. Obviously the signal can be detected by a standard optical receiver with 3 decision circuits. Gray and differential encoding is needed at the transmitter side, and suitable decoding at the receiver side [3] . Fig. 3 shows an experimental 2x10Gbit/s transmission setup for this scheme. The DFB transmitter laser has a frequency of 193.5THz. Two 2 7 -1 PRBS signals are transmitted. A mutual delay of 31-bit duration emulates decorrelated patterns. Encoding function was not implemented. The data streams are amplified to ~10 Vpp, then attenuated to ~8 Vpp and ~4 Vpp, respectively, passed through the duobinary filters and then fed to the modulator inputs. The receiver employs an optical preamplifier followed by a DWDM AWG DEMUX of Gaussian type with 100GHz spacing of its 40 channels, which acts as a narrow band pass optical filter. The detected photocurrent of an optical front end (PIN-TIA) is stabilized by a feedback loop that controls the pump current of the last EDFA. An electrical amplifier amplifies the received signal before it feeds an oscilloscope or an error detector. The error detector is programmed, using different thresholds, to receive all the three patterns, corresponding to the top, middle, and bottom eye diagram. Proper BER averaging is performed to represent the mean BER of the received patterns. Fig. 4 shows the 4-level optical eye diagram of the quaternary intensity modulated signal, back-toback, at 10 Gbaud (20Gbit/s) and the driving electrical duobinary signal. The corresponding sensitivity is -21.5 dBm for a BER of 10 -9 . The top eye, which represents the intensity levels "2" and "3", dominates the whole BER. 
Transmission setup

Discussion
The two quadratures with duobinary modulation need not necessarily belong to the same polarization. Fig. 7 shows as an alternative duobinary modulation in two polarizations. In principle, both generation schemes could be combined to generate 16-ary intensity modulation by duobinary modulation in 4 quadratures with relative field amplitudes of 1, 2 , 2, 
Conclusions
This duobinary 9-QAM scheme with a simple receiver is believed to represent intensity modulation with the narrowest reported spectrum reported to date. The measured 20ps PMD tolerance is larger than for binary modulation.
